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E-mail address: Bailer@mvp.uni-muenchen.de (S.MThe heterogeneous nuclear ribonucleoprotein (hnRNP) K is an evolutionarily conserved protein
with roles in signal transduction and gene expression. An impact of hnRNP K on the life cycle of a
broad range of viral pathogens was reported while functional data for herpesviruses were lacking.
In this study we show that hnRNP K is important for Herpes simplex virus 1 egress. In absence of
hnRNP K, viral entry, gene expression, viral DNA replication, and maturation of nuclear particles
appear normal whereas release of infectious virions to the extracellular space was signiﬁcantly
affected. Our results indicate that hnRNP K has an impact on a late step of herpesviral propagation
making it a potential antiviral target.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Herpesviruses are large DNA viruses with an intricate life cycle
within the host cell. To replicate, herpesviral particles dock at the
surface of the host cell and release their capsid into the cytoplasm.
Following transport to the nuclear pore their DNA is injected into
the host nucleus, where a transcriptional cascade is started. Caps-
ids assembled and packaged with newly replicated viral DNA leave
the host nucleus by budding through the nuclear envelope. At the
trans Golgi network (TGN) [12,13] particles are rendered infectious
by secondary envelopment.
Many herpesviral functions are molecularly unravelled while
our knowledge of virus–host interactions and their importance
for viral replication is far from complete. Here we focus on the het-
erogeneous nuclear ribonucleoprotein K (hnRNP K), a protein con-
served from yeast to humans [2]. In agreement with its diverse but
well-established roles in transcription, mRNA transport as well as
signal transduction, hnRNP K largely locates to the cell nucleus,
but shuttles between different subcellular compartments [14].
HnRNP K associates with numerous binding partners including
various tyrosine and serine threonine kinases [2,14]. Due to itschemical Societies. Published by E
. Bailer).modular organisation hnRNP K is believed to facilitate the func-
tional crosstalk between kinases and other regulatory proteins [2].
Several studies support a function of hnRNP K in the life cycle of
different viruses [3,5,6,8,17,22,23]. A role in herpesviral replication
was indicated by the interaction of hnRNP K with Herpes simplex
virus 1 (HSV-1) UL54/ICP27 [21], its KSHV [9] and potential HHV-6
orthologue [20]. These ﬁndings prompted us to analyse the impor-
tance of hnRNP K for herpesviral replication. SiRNA mediated
knockdown of hnRNP K prior to HSV-1 infection led to a strong de-
crease in production of infectious particles. HnRNP K is not re-
quired for viral entry, gene expression, DNA replication or
maturation of nuclear particles under the conditions used while
export of infectious virions to the extracellular milieu is hampered
in absence of hnRNP K. We propose a model where hnRNP K is
important for egress of virions from the host cell.2. Materials and methods
2.1. Cells, viruses, western blotting, and antibodies
HeLa and Vero cells were grown in DMEM containing 10% FCS.
HSV-1 strain F (B. Roizman, University of Chicago, USA) was used
for all experiments. Western blotting was done essentially as de-
scribed [1]. Rabbit anti-hnRNP K antibodies (IF/WB 1:2000 [18]),lsevier B.V. All rights reserved.
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anti mature capsid 8F5 antibodies (IF 1:200, kindly provided by J.
Brown, Charlottesville), mouse anti-ICP0 antibodies (WB 1:200, IF
1:2000, Santa Cruz), mouse anti-ICP27 (WB 1:250, Virusys), goat
anti-gB antibodies (WB 1:200, Santa Cruz), and mouse anti-b-actin
antibodies (WB 1:1500, Abcam) were used for immunoﬂuores-
cence microscopy (IF) or Western blotting (WB).
2.2. Immunoﬂuorescence microscopy
For immunoﬂuorescence microscopy, HeLa cells were either
mock infected or with HSV-1 strain F at a multiplicity of infection
(MOI) of 5. Cells were treated with 2% Formaldehyde/PBS for
15 min at room temperature and 0.5% Triton X-100/PBS at 4 C
for 5 min. Binding of antibodies to the HSV-1 Fc-receptor like pro-
teins gE/gI was blocked overnight at 4 C with human IgG (0.1 mg/
ml) and 10% FCS in DMEM [4].2.3. SiRNA transfection
For RNAi the hnRNP K speciﬁc siRNA duplexes 50-AAUAUU
AAGGCUCUCCGUACATT-30 and 50-TTUUAUAAUUCCGAGAGGCAU
GU-30 [16] and the control siRNA duplexes 50-UUCUCCGAACGUGU
CACGUTT-30 and 50-TTAAGAGGCUUGCACAGUGCA-30 (Qiagen) were
used. For transfection, siRNA (15 nM), 100 ll of DMEM (without
FCS), and 6 ll of HiPerfect transfection reagent (Qiagen) were
mixed and added to HeLa cells seeded in 12-well plates. Viral infec-
tion was generally performed 48 h after siRNA treatment. Infec-
tious particles were quantiﬁed by removing aliquots of medium
and of infected cells at various time points followed by plaque
assay on Vero cells [4]. Efﬁciency of RNAi and the status of viral
gene expression were monitored by Western blotting.Fig. 1. HnRNP K is important for HSV-1 propagation. (A) HeLa cells were treated with co
treated with siRNA for 48 or 72 h were analysed by Western blotting using rabbit anti-hn
normalized to b-actin (bottom numbers). (B) At the indicated times following siRNA-trans
K antibodies. (C) Viral growth kinetics were performed with HeLa cells treated with ct
(triangles) or 5 (squares). Culture supernatants were tested for infectious virus by plaque2.4. qPCR quantiﬁcation of virus DNA
Cell-associated virions and virions released to the culture
supernatant were subjected to DNA extraction using the High Pure
Viral Nucleic Acid Kit (Roche) as described by the manufacturer.
The DNA was quantiﬁed by real time quantitative PCR using
HSV-1 speciﬁc primers (primer 1: ACG TTC ACC AAG CTG CTG
CT; primer 2: CAC GCC CTT GAT GAG CAT CTT) and probes (FAM-
CGC CAA GAA AAA GTA CAT CGG CGT CAT CT-TAMRA) and the
ABI Prism 7000 Sequence Detection System (Applied Biosystems).
To determine the viral copy number the assay was spiked with
an HSV-1 standard.
3. Results
3.1. HnRNP K is important for HSV-1 propagation
To analyse whether hnRNP K is required for HSV-1 replication,
RNAi experiments were performed [16]. Whole cell extracts of
HeLa cells treated with hnRNP K speciﬁc siRNAs showed that
48 h after treatment the hnRNP K level had dropped to 20% com-
pared to control samples, and a further decrease was observed
after 72 h (Fig. 1A). Cell viability was not affected by the hnRNP
K downregulation (as reported previously [16]), and the knock-
down was homogeneous throughout the population (Fig. 1B).
Therefore, HeLa cells treated with hnRNP K speciﬁc siRNA or con-
trol siRNA for 48 h in triplicate were suitable for infection with
HSV-1 at an MOI of 5 or 0.5. At various time points after infection,
infectious virus released from the cells was quantiﬁed. Viral output
was signiﬁcantly reduced in hnRNP K siRNA treated compared to
control cells (Fig. 1C). Around 30 h post infection, the infectious
virus released from hnRNP K depleted cells remained approxi-
mately 100 times below the control whether MOI of 5 or 0.5 wasntrol-siRNA (ctrl-siRNA) and hnRNP K-siRNA (K-siRNA). Untransfected (UT) or cells
RNP K and mouse-anti b-actin antibodies. The hnRNP K signals were quantiﬁed and
fection, cells were processed for immunoﬂuorescence microscopy using anti-hnRNP
rl- (black) or K-siRNA (grey) and 48 h later infected with HSV-1 at an MOI of 0.5
assay. Silencing was monitored 48 h post transfection as described in Fig. 1A (inset).
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quired for efﬁcient viral propagation.
3.2. Nuclear capsid morphogenesis of HSV-1 appears normal in hnRNP
K depleted cells
To identify the process of the viral life cycle where hnRNP K is
crucially involved HeLa cells treated with siRNA for 48 h were in-
fected with HSV-1. Three hours later immunoﬂuorescence micros-
copy using the immediate early marker protein ICP0 showed that
viral entry and early gene expression was normal in either control
or hnRNP K siRNA treated cells (Fig. 2A) while knockdown of the
HSV-1 major entry receptor PVRL1/Nectin1 for epithelial cells al-
most completely abrogated expression of ICP0 (Bailer and Haas,
unpublished data). A time course experiment to detect protein lev-
els of ICP0, ICP27, ICP5, and glycoprotein B over a 12 h period of
time revealed that hnRNP K was not required for overall herpesvi-
ral gene expression (Fig. 2B). Moreover, nuclear capsid formation
and maturation as detected by antibodies to the major capsid pro-
tein ICP5 and to mature capsids (mAB 8F5, kindly provided by J.
Brown), respectively, is normal in either siRNA treated cells
(Fig. 2C and D). Finally, viral DNA replication was only marginally
reduced in hnRNP K depleted cells (Fig. 2E). Together these dataFig. 2. HnRNP K is dispensable for nuclear morphogenesis of HSV-1. (A) To analyse wheth
with siRNA for 48 h were infected at an MOI of 15 for 3 h and subsequently processed fo
either ctrl- or K-siRNA treated was analysed. (B) To determine whether hnRNP K is req
infected with HSV-1 at an MOI of 5 were harvested at the indicated times post infection a
antibodies. For control, b-actin speciﬁc antibodies were used. Silencing was monitored
treatment by immunoﬂuorescence microscopy using ICP5 and hnRNP K speciﬁc antib
immunoﬂuorescence microscopy using the mouse antibodies 8F5 speciﬁcally recognizing
cells treated with ctrl-siRNA or K-siRNA for 48 h were infected with HSV-1 at an MOI of 5
using qPCR.suggested an important role of hnRNP K at a late stage of HSV-1
propagation.
3.3. HnRNP K is important for efﬁcient virion egress
To determine whether absence of hnRNP K allows formation of
viral progeny but not its release to the extracellular milieu, we sep-
arated cell-associated infectious particles from those released to
the extracellular space. To this end, hnRNP K depleted cells in-
fected with HSV-1 as well as culture supernatant were harvested
at various time points and analysed separately for the presence
of infectious virus. In accordance with viral DNA replication being
comparable in the samples treated with either control or hnRNP K-
speciﬁc siRNA (Fig. 2E), equal amounts of infectious viral particles
were cell-associated (Fig. 3A). In contrast, about 10 times less
infectious virus was released to the culture medium upon hnRNP
K depletion consistent with a role of hnRNP K in virion egress.
Collective detection of nuclear ribonucleoproteins indicated
their redistribution to the cytoplasm upon HSV-1 infection [10].
To speciﬁcally analyse whether this also holds true for hnRNP K,
HeLa cells were mock-treated or infected with HSV-1 at an MOI
of 5 for 18 h and subjected to immunoﬂuorescence microcopy
using hnRNP K and ICP0 speciﬁc antibodies. In uninfected cells,er hnRNP K is required for HSV-1 entry and early gene expression, HeLa cells treated
r immunoﬂuorescence microcopy using ICP0 speciﬁc antibodies. A total of 750 cells
uired for viral gene expression, cells treated with siRNA for 48 h and subsequently
nd analysed by Western blotting using ICP0, ICP27, ICP5, and glycoprotein B speciﬁc
as described in Fig. 1A (inset). (C) Capsid formation was analysed following siRNA
odies. (D) Nuclear capsid maturation was analysed following siRNA treatment by
mature capsid and hnRNP K speciﬁc antibodies. (E) To analyse viral DNA replication,
for 30 h. The DNA content of both cell-associated and released virions was quantiﬁed
Fig. 3. hnRNP K is required for virion egress from the cytoplasm. (A) To analyse the effect of hnRNP K on viral egress, cells treated with ctrl-siRNA (black) or K-siRNA (grey) for
48 h were infected with HSV-1 at an MOI of 5. Various times after infection, virions released (squares) or cell-associated (triangles) were harvested and analysed for infectivity
by plaque assay. Efﬁciency of silencing was determined as described in Fig. 1A. (B) To determine the subcellular localization of hnRNP K during HSV-1 infection, HeLa cells
infected with HSV-1 at an MOI of 5 for 18 h were processed for immunoﬂuorescence microscopy using rabbit anti-hnRNP K antibodies (a and b) and mouse anti-ICP0
antibodies (c). Nuclei were visualized by Dapi-staining (d). An inverted picture of (a) is shown in (b). Arrowheads point to the cytoplasmic staining of hnRNP K in infected
cells, while non-infected cells are indicated by an arrow. Total lysates of cells infected with HSV-1 for 0 or 10 h were analysed byWestern blotting using anti hnRNP K and anti
b-actin antibodies (inset).
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arrow). In contrast, infected cells identiﬁed by the viral marker
protein ICP0 showed an increase in cytoplasmic hnRNP K labelling
at the expense of the nuclear one (Fig. 3B, a and b, arrowheads)
while the overall amount of hnRNP K remained unaltered during
infection (Fig. 3B inset). Together our data are consistent with a
function of hnRNP K during recruitment of subviral components
and/or outward transport of virions.
4. Discussion
We have identiﬁed hnRNP K – a conserved and abundantly ex-
pressed host factor – as an important regulator of herpesviral prop-
agation. Initial events of the HSV-1 life cycle like entry into the host
cell, overall expression of viral genes, viral DNA replication as well
as nuclear maturation of virions are normal in absence of hnRNP K.
In contrast, the number of particles released to the extracellular
environment is drastically reduced upon downregulation of hnRNP
K. While the nuclear localization of hnRNP K and its previously
published and conserved interaction with ICP27 [9,21] suggested
an early and likely nuclear function, our data reveal a role of hnRNP
K late in HSV-1 infection required for the efﬁcient transport of viral
particles out of the host cytoplasm.
HnRNP K is a multifunctional protein participating in gene
expression [2]. The functional consequence of the interaction of
hnRNP K with UL54/ICP27, a viral protein required for nuclear ex-
port of a majority of HSV-1 transcripts has not been addressed be-
fore [7,9,21]. We ﬁnd that upon hnRNP K depletion, expression of a
broad range of viral genes including ICP27 is not visibly altered.
Consistently, nuclear capsid maturation and formation of infec-
tious cell-associated particles proceeds at a similar rate and quan-
tity. Thus, a major impact of hnRNP K on general viral gene
expression alone or in conjunction with UL54/ICP27 is unlikely.
Alternatively, hnRNP K may be required for expression of one or
several host genes the lack of which could translate into inefﬁcient
egress of virions.
A prominent feature of the hnRNP K protein is its K-protein
interactive (KI) region able to accommodate kinases and other pro-
tein factors for crosstalk [2]. HnRNP K may physically interact with
HSV-1 integral membrane or tegument proteins crucially involvedin envelopment at the TGN and/or transport of the enveloped par-
ticles and thereby recruit speciﬁc kinases for modiﬁcation. Indeed,
phosphorylation at serine/threonine as well as tyrosine residues
present in cytoplasmic domains of transmembrane proteins has
been reported to regulate their membrane trafﬁcking, their recruit-
ment to the site of envelopment and proper assembly of the matur-
ing particle [11]. In addition, several tegument proteins associating
with maturing virions are phosphorylated by both viral and cellu-
lar kinases [15]. HnRNP K could also have a direct inﬂuence on host
membrane compartments involved in capsid transport. Support for
this notion comes from downregulation of the serine/threonine
protein kinase D, an atypical protein kinase C (PKC), resulting in
a defect of virion transport [19]. Future studies will aim at analys-
ing whether hnRNP K participates in phosphorylation processes to
promote virion transport.
In conclusion, we have identiﬁed a host protein with signiﬁcant
impact on the virion egress of HSV-1. HnRNP K also interacts with
several viral families unrelated to herpesviruses including hepatitis
C virus and dengue virus [3,6], african swine fever virus [5] and
enterovirus 71 [8]. Moreover, hnRNP K is involved in hepatitis B
virus replication [17,23] and HIV viral transcription [22]. Given
these data from different virus groups, hnRNP K represents a po-
tential target for a novel antiviral strategy applicable to a wide
variety of viruses far beyond herpesviruses.Acknowledgements
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